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To study nucleocytoplasmic transport during multicellular development, we developed a sensitive nuclear protein import
assay in living blastoderm embryos. We show that dominant negative truncations of the human nuclear transport receptor
karyopherinb/Importinb (DNImpb) disrupt mRNA export and protein import in Drosophila. To test the sensitivity of
different developmental processes to nuclear trafficking perturbations, we expressed DNImpb behind the morphogenetic
furrow of the eye disc, at a time when photoreceptors are patterned and project their axons to the brain. DNImpb expression
does not disrupt the correct specification of different photoreceptors, but causes a defect in cell adhesion that leads to some
photoreceptors descending below the layer of ommatidia. The photoreceptors initially project their axons correctly to the
posterior, but later their axons are unable to enter the optic stalk en route to the brain and continue to project an extensive
network of misguided axons. The axon guidance and cell adhesion defects are both due to a disruption in the function of
Ketel, the Drosophila ortholog of Importinb. We conclude that cell adhesion and axon guidance in the eye have specific
requirements for nucleocytoplasmic transport, despite involving processes that occur primarily at the cell
surface. © 2001 Elsevier Science
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Nucleocytoplasmic trafficking is essential in eukaryotic
cells and many constitutive and universally required traf-
ficking factors have been identified and characterized in
single-celled systems (Conti and Izaurralde, 2001; Mattaj
and Englmeier, 1998). All nuclear trafficking occurs
through nuclear pores in the nuclear envelope. Each pore
consists of 50–100 nuclear pore complex (NPC) proteins,
required for NPC structure or transport of cargo (Ohno et
al., 1998). Each class of cargo requires a specific soluble
transport receptor, which in some cases is linked to its
cargo by an adapter (Conti and Izaurralde, 2001). For ex-
ample, karyopherinb/Importinb (Impb) is the receptor for
nuclear localization signal (nls)-dependent protein import
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All rights reserved.and karyopherina/Importina (Impa) is the adapter that
links Impb to the nls containing cargo (Gorlich et al., 1994,
1995; Moroianu et al., 1995) (Fig. 1A). Other members of the
Impb family of receptors are required for trafficking of other
kinds of cargo and there are a number of different Impa
adapters (Mattaj and Englmeier, 1998). Most, but not all,
nuclear trafficking also requires the small GTPase Ran and
its associated exchange factors. Ran exists in a GTP-bound
form in the nucleus and GDP-bound form in the cytoplasm,
thus providing directionality to transport (Azuma and
Dasso, 2000). In addition to their role in nuclear trafficking,
some of these factors function independently in the cyto-
plasm during cell division (Dasso, 2001).
Despite the recent advances in understanding the basic
mechanisms of nuclear transport, it is still not clear how
nuclear transport machinery functions in the context of
multicellular development (Davis, 1997). This question
would be well addressed in flies, except that only some
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ized, including Ketel, the homologue of human Impb (Er-
delyi et al., 1997; Lippai et al., 2000; Tirian et al., 2000) and
two Impa homologues, OHO31 (Torok et al., 1995) and
Impa3 (karyopherin-a3) (Dockendorff et al., 1999; Mathe et
FIG. 1. Factors required for nuclear protein import and its assay
using nuclear GFP in living Drosophila blastoderm embryos. (A)
The import of a nuclear protein cargo containing an nls. Impa (a)
links the cargo to Impb (b) and the whole complex docks to the
NPCs. Once in the nucleus, the complex is dissociated when
RanGTP binds to b. b is reexported with RanGTP. RanGTP is
mainly nuclear whereas RanGDP is cytoplasmic, providing direc-
tionality to import and export. (B) Transgenic nuclear GFP (nlsGFP)
as an assay for nuclear protein import in living syncytial blasto-
derm embryos. At time 0 after injection of nlsBSA, all the periph-
eral nuclei accumulate nlsGFP. (C) 50 s after injection: a partial
inhibition of nlsGFP import due to saturation of the import
machinery with excess nlsBSA cargo near the site of injection. The
inhibition is reversed with time (not shown). (D) A GFP fusion
protein that lacks the nls and is both nuclear and cytoplasmic (E)
nlsGFP blastoderm embryo 12 min after injection with a nonhy-
drolysable mutant of human RanGTP. nlsGFP nuclear import is
inhibited around the site of injection. The inhibition is not reversed
over time. The images are selected from time-lapse movies of
injected living embryos imaged at 30-s intervals (E) or 10-s intervals
(C). The site of injection in the yolk is marked with “X.”al., 2000). During development, mRNA export is required
© 2001 Elsevier Science. Afor all gene expression and nuclear protein import is re-
quired, among other things, for signaling and activation of
genes by nuclear transcription factors. However, the details
of the nuclear transport steps and their regulation remain
unknown in most cases (Kaffman and O’Shea, 1999). Fur-
thermore, it is unclear whether nuclear transport also plays
a role in cell adhesion, axon guidance, and other processes
at the cell periphery.
To address these questions, we have expressed a general
inhibitor of nuclear transport in the Drosophila eye imagi-
nal disc, at a time when many important and well-
characterized patterning decisions are made. The com-
pound eye consists of approximately 800 regularly spaced
ommatidia, each consisting of 8 photoreceptors (R1–R8) and
a complement of accessory cells (Wolff and Ready, 1993).
During eye development, a wave of differentiation proceeds
from posterior to anterior behind the morphogenetic fur-
row. The R8 neuron is the first photoreceptor to be specified
followed by the stepwise addition of the R2/R5, R3/R4,
R1/R6, and R7 photoreceptors and the later recruitment of
accessory cells (Wolff and Ready, 1993). This process is
highly complex and must depend on mRNA export and the
nuclear import of many types of protein cargo for the
regulation of cell-cycle progression, cell signaling, and dif-
ferentiation (Kumar and Moses, 1997). However, the
mechanism of nuclear transport of specific cargo has not
been studied in the eye.
After they are correctly specified, several thousand pho-
toreceptor cells project their axons to the appropriate parts
of the optic lobes of the brain, by a series of guidance
decisions (Meinertzhagen and Hanson, 1993). The photore-
ceptors first project toward the posterior, followed by a
decision to project into the optic stalk and continue to the
brain as a series of axon bundles or fascicles. The axons of
the eight photoreceptors in each ommatidium are bundled
into a single fascicle with R1–R7 axons surrounding the
central R8 axonal projection (Meinertzhagen and Hanson,
1993). Individual photoreceptor axons exit the fascicles and
connect to the appropriate parts of the optic lobes, depend-
ing on their identity and position within the retinal epithe-
lium (Meinertzhagen and Hanson, 1993). Once a photore-
ceptor is correctly specified, the cues that guide its axons to
the correct destination are thought to depend on the growth
cone responding locally to guidance signals via changes in
the cytoskeleton.
Here, we have perturbed nucleocytoplasmic trafficking in
the eye disc to study the requirements of different develop-
mental processes for nuclear transport. We used a dominant
negative truncation of the human import receptor, Impb
(DNImpb) and show, using a new in vivo trafficking assay,
that its expression in the Drosophila syncytial blastoderm
embryo blocks nls-mediated protein import and mRNA
export, causing embryonic lethality. DNImpb expression in
the eye disc does not perturb the specification of photore-
ceptors or the initial posterior projection of photoreceptor
axons. Later in development, DNImpb expression causes an
adhesion defect leading to individual photoreceptors de-
ll rights reserved.
the yolk. (F) A high-magnification view of part of the embryo
shown in (E). run expression stripes at a distance from the site of
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photoreceptor axons fail to enter the optic stalk, leading to
a dense web of misguided axon bundles. We conclude that
cell adhesion and the decision of axons to enter the optic
stalk are more sensitive to a partial reduction in nuclear
trafficking efficiency than are the signaling events that
pattern the photoreceptors.
MATERIALS AND METHODS
Fly Stocks, Plasmid Construction, and Transgenic
Flies
Wild-type strain used was OregonR. Ketel alleles that showed
enhancement of the DNImpb eye phenotype: Df(2L)TW2,
Df(2L)TW161, Df(2L)pr76, KetelRE28, KetelRE34, KetelRE31, but not
KetelRS1 (a cold sensitive allele) (Lippai et al., 2000; Tirian et al.,
2000). Arm alleles that did not show an enhancement or suppres-
sion of the DNImpb eye phenotype: armXP33 and arm35YD. Gal4
stocks used were generously provided by the following investiga-
tors: S. Campbell (sd-Gal4 and sca-Gal4), P. Ingham (ptc-Gal4), A.
Jarman [sev-Gal4, GMR12-Gal4 and GMR15-Gal4 (referred to in
the manuscript as GMR-Gal4 unless otherwise stated)]. Ketel
alleles were generously provided by J. Szabad and the deficiencies
were obtained from the Bloomington Stock Centre. The full
genotype of the DNImpb stock is: yw; p{w1, GMR15-Gal4}, p{w1,
UAST-DNImpb45–462A}. The phenotypes we describe are based
on at least three independent lines of UAS-DNImpb.
Plasmid pUAST-HsImpb45– 462 (DNImpb) was constructed
by PCR amplification of a fragment of the human Importinb
gene from pQE60 (generous gift from D. Go¨rlich) with the
following oligonucleotide primers: Primer 1, 59-CAGGTGAAT-
TCCACCATGGCAAATCCAGGAAACAGTCAG-39; and Primer
2, 59-TGATCAGATCTCAAGCACTGAGACCCTCAATCAG-39
followed by restriction digestion with EcoRI (underlined) and
HindIII (double underlined) and ligation into the same sites of the
pUAST P-element transformation vector (Brand et al., 1994). The
oligonucleotides thus introduced a Kozak consensus for efficient
translation followed by an initiator Met (bold) at residue 45 of the
human Importinb. Transgenic flies were made by standard tech-
niques by injecting 0.3 mg/ml pCa4-based constructs into w1118
stocks with 0.1 mg/ml D2,3 helper plasmid.
Assaying Nuclear Import and mRNA Export from
the Nucleus in Blastoderm Embryos
Nuclear protein import was assayed by injecting purified pro-
teins into interphase-14 blastoderm embryos expressing a nuclear
GFP of the genotype yw; nlsGFPM; nlsGFPN (4 copies of the
transgene, Davis et al., 1995). The proteins and reagents that were
injected into blastoderm embryos were generous gifts from: D.
injection are unaffected, with the majority of the mRNA localising
to the apical cytoplasm and to bright nascent transcripts within the
nuclei. An inhibition of mRNA export leads to run accumulation
in the nucleoplasm in an expression stripe close to the injectionFIG. 2. DNImpb inhibits nlsGFP nuclear import and mRNA
export in the blastoderm embryo. (A) Effect of different truncations
of human Impb assayed by injection into nlsGFP embryos. The
known functions of the different regions of the protein are shown.
The black bar represents the wild-type full amino acid sequence of
the protein. Truncations shown in green have no affect, those
drawn in open bars show a partial inhibition, and red truncations
fully inhibit nlsGFP import. The concentration of protein injected
is shown in mm on the right of each truncation. (B, C) Time-lapse
images of a living nlsGFP-expressing embryo injected with a
truncated Impb 45–462 (“X” marks the site of injection). (B) At
time 0 after injection. (C) 15 min after injection the inhibition of
nlsGFP nuclear import is maximal and irreversible. The inhibition
begins at 5 min after injection (not shown). (D) Injected FITC-
tagged Impb 45-462 accumulates at the nuclear envelope within 5
min. (E) A low-magnification view of a blastoderm embryo injected
with DNImpb, fixed and processed by in situ hybridisation to
detect runt (run) mRNA (red). NPCs are visualised with wheat
germ agglutinin (WGA) Alexa488 (green). Intense fluorescence
within the interior of the embryo is due to WGA accumulation insite.
ll rights reserved.
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(wild-type and mutant Ran, nlsBSA and slnBSA). The embryos were
prepared for injection by using standard techniques normally used
for making transgenic flies and stuck onto a 22- 3 40-mm coverslip
coated in a solution of double-sided sticky tape dissolved in
heptane. The embryos were imaged by using an IX70 inverted
Olympus microscope. In situ hybridisation to detect runt (run)
mRNA in embryos was performed as previously described by using
tyramide signal amplification (TSA) with Cy3-tyramides and covi-
sualisation of the nuclear envelope by using AlexaFluor488-
coupled wheat germ agglutinin from Molecular Probes (Wilkie and
Davis, 1998; Wilkie et al., 1999). Fixed or living embryos were
imaged by using wide-field microscopy with a cooled CCD camera
as previously described in detail (Davis, 2000; Wilkie et al., 1999).
Immunolocalization of Proteins in Eye Discs
Eye discs were dissected in phosphate buffer, fixed in 2%
paraformaldehyde, and washed in phosphate buffer with 0.1%
Triton (PBT). Discs were then incubated in primary antibodies
overnight at 4°C. Primary antibody concentrations are as follows:
Elav 1:100; 22C10 1:100; Repo 1:100; Gl 1:5; Boss 1:2000; Ato
1:1000; and Arm 1:100. The following day, discs were washed in
PBT and incubated in secondary antibodies and 1:50 phalloidin for
2 h at room temperature. Discs were mounted onto coverslips with
Vectashield (Vector) and viewed with a Zeiss LSM 5 confocal
microscope.
RESULTS
Dominant Negative Truncations of Human Impb
Inhibit Nuclear Trafficking and Cause Lethality
in Drosophila Blastoderm Embryos
In order to study the effects of disrupting nuclear traffick-
ing during development, we introduced into Drosophila a
number of different human proteins that inhibit most
nuclear transport. We developed an assay for nls-mediated
protein import in living syncytial blastoderm embryos (Fig.
1), using a transgenic line of flies expressing an nlsGFP
fusion (Fig. 1B) at all stages of development (Davis et al.,
1995). nlsGFP nuclear accumulation is presumably medi-
ated by active import via the nls import pathway, since a
similar construct lacking an nls (Davis et al., 1995) does not
show specific nuclear accumulation of GFP (Fig. 1D). We
tested the involvement of the nls directly, by determining
whether nlsBSA acts as a competitive inhibitor of nlsGFP
nuclear import, as has been shown in other systems (Pala-
cios et al., 1996). Our results show that nlsBSA inhibits
nlsGFP nuclear accumulation (Fig. 1C), while BSA with a
reverse nls (slnBSA) (Palacios et al., 1996) has no effect (data
not shown). We also tested whether nlsGFP nuclear import
requires Ran for its nuclear accumulation by injecting Ran
Q69L (glutamine 69 changed to leucine), a nonhydrolysable
mutant human Ran, previously shown to inhibit protein
import in other systems by preventing the formation of the
nls-cargo Impa and Impb import complex in the cytoplasm
(Palacios et al., 1996). Our results show that Ran Q69L also
inhibits nlsGFP import in embryos (Fig. 1E), while wild-
© 2001 Elsevier Science. Atype Ran and a mutant Ran that is unable to bind GTP, Ran
T24N (threonine 24 changed to asparagine) (Palacios et al.,
1996), have no effect (data not shown).
We conclude that nlsGFP is imported into the nucleus via
active import mediated by its nls through the normal
pathway involving Impa, Impb, and Ran. The nlsGFP is
approximately 40 kDa in size (Davis et al., 1995), smaller
than the cut-off for passive diffusion through NPCs. The
nlsGFP protein is therefore likely to be continuously reim-
ported after diffusing out of the nucleus, thus making the
assay very sensitive. Larger nuclear proteins are imported
only once each cell cycle and would not be appropriate for
a rapid in vivo assay during interphase.
We used the in vivo nlsGFP import assay to test the
effects on protein import of a series of dominant negative
truncations of human Impb, which have been shown to
disrupt binding of Impb to the NPC, Impa, and/or Ran
(Kutay et al., 1997). We found that most truncations acted
as potent inhibitors of nlsGFP nuclear accumulation (Figs.
2A–2C) in agreement with previously published observa-
tions in other systems (Kutay et al., 1997). We tested
whether the truncations are likely to act by binding to
NPCs by injecting FITC-tagged Impb truncations. Our
results show that the truncation accumulates at the nuclear
envelope (Fig. 2D), suggesting that the mechanism of inhi-
bition is similar to that described in other systems (see
Discussion).
We also tested whether one of the truncations, 45-462
(DNImpb), inhibits mRNA export from the nucleus by
performing mRNA in situ hybridisation with probes against
runt (run), a highly expressed blastoderm pair-rule tran-
script. run mRNA export from blastoderm nuclei is inhib-
ited by DNImpb, causing transcripts to accumulate in the
nuclear interior (Figs. 2E and 2F). We also found that
DNImpb disrupts the export of hunchback mRNA (data not
shown). Our results are in agreement with observations in
other systems showing that DNImpb inhibits all nucleocy-
toplasmic trafficking with the exception of tRNA (Kutay et
al., 1997). In order to test whether DNImpb is also a potent
inhibitor of nuclear trafficking in other cells, we made
transgenic lines expressing DNImpb under Gal4/UAS con-
trol. Crossing UAS-DNImpb to patched-GAL4 (ptc-GAL4)
causes embryonic lethality, due to a nonspecific develop-
mental arrest at gastrulation and before germ-band retrac-
tion (data not shown). We conclude that DNImpb disrupts
most nuclear trafficking in Drosophila embryos with the
probable exception of tRNA.
Expression of DNImpb in the Eye Causes Guidance
Defects in Projecting Photoreceptor Axons and
Leads to Some Photoreceptors Descending Below
the Ommatidia
To investigate the affects of DNImpb in tissues other
than the embryo, we crossed the UAS-DNImpb to other
Gal4 lines with tissue-specific expression patterns (data not
shown). We found that, in many cases, no phenotype was
ll rights reserved.
panels. Arrows mark the optic stalk and arrowheads the mor-
phogenetic furrow.
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sevenless-GAL4 (sev-GAL4), and scabrous-GAL4 (sca-
GAL4). In contrast, expressing DNImpb behind the mor-
phogenetic furrow by crossing UAS-DNImpb to GMR-Gal4
[a glass (gl) regulated promoter driving Gal4] produced a
strong dosage dependent eye phenotype (Figs. 3A–3D).
GMR-Gal4 is expressed, like the gl promoter, immediately
behind the morphogenetic furrow, and we confirmed the
timing of expression by crossing GMR-Gal4 to UAS-LacZ
and found that b-galactosidase expression is first detected at
ommatidial column 4 (data not shown).
DNImpb-expressing flies have eyes which are either
rough, glazed, reduced in size, or completely lacking any
eye structure depending on the number of copies of the
Gal4 driver line and UAS-DNImpb inserts (Figs. 3A, 3B, and
3D). Temperature also affects the strength of the phenotype
due to an increase in the efficiency of Gal4 activation with
increasing temperature (data not shown). Two different
insertions of the GMR-Gal4 (GMR15-Gal4 and GMR12-
Gal4) transgene also gave different strengths of eye pheno-
type, with GMR15 being stronger than GMR12 [data not
shown, all subsequent experiments were performed with
GMR15-Gal4 (GMR-Gal4), unless otherwise stated]. Our
results show that the level of DNImpb determines the
strength of the eye phenotype. Therefore, the eye phenotype
provides a sensitive genetic test for components that are
affected by DNImpb expression.
In order to determine the basis of the dramatic adult eye
phenotype of GMR-Gal4, UAS-DNImpb homozygous flies
(two copies of each transgene) at 25°C (referred to subse-
quently as DNImpb), we examined the phenotype of third
instar larval DNImpb eye discs. We stained discs with the
neural-specific antibody 22C10 (Fujita et al., 1982), which
allows observation of ommatidial assembly and axonal
guidance (Figs. 3E–3G). In DNImpb discs, the initial pattern
of recruitment of photoreceptors was similar to wild type
(Figs. 3H and 3I). The R8 photoreceptor is recruited first
into ommatidia followed by R2/R5, R3/R4, R1/R6, and then
R7 (Tomlinson and Ready, 1987). Furthermore, the initial
extension of the R8 photoreceptor axon toward the poste-
rior and subsequent addition of other photoreceptor axons
to the R8 axon is also normal in DNImpb discs (Figs. 3H
and 3I). However, the projecting photoreceptor axons do not
reach the optic stalk and continue to project, forming a
tangled web of misguided axons near the entrance to the
optic stalk (Figs. 3H and 3I). While this phenotype was
pronounced in axons that originate from ommatidia situ-
ated in the centre of the eye field, axons originating from
the posterior–lateral margins navigate to the optic stalk
correctly (Fig. 3I).
To investigate the cause of the missing eye phenotype,
we stained DNImpb third instar eye discs with the marker
Elav, which recognizes an RNA binding protein in the
nuclei of neurons (Robinow and White, 1991). In wild-type
discs, Elav marks all developing photoreceptors starting at
the fourth column of ommatidia and the proximal regionsFIG. 3. Expression of DNImpb in Drosophila under GMR-Gal4
control causes deletion of adult eye structures and disruption of
axon guidance in the eye disc. (A–D) Low-magnification scan-
ning electron micrographs of eyes of flies raised at 25°C express-
ing different levels of DNImpb. (A) Control with one copy of the
GMR15-Gal4 transgene showing a wild-type-like eye. (B) One
copy of GMR15-Gal4 and one copy of UAS-DNImpb showing a
reduced eye due to missing ommatidia. (C) One copy of GMR15-
Gal4, one copy of UAS-DNImpb, and one copy of Df(2L)TW2, a
small deficiency of Ketel, the Drosophila Impb homologue,
which enhances the phenotype (of B). (D) Two copies each of
GMR-Gal4 and UAS-DNImpb (referred to as DNImpb in all
subsequent figures and throughout the text) showing complete
elimination of eye structure. (E–J) 3rd instar larval eye discs
stained with the neuronal marker 22C10. (E–G) One copy of
DNImpb raised at 25°C is similar to wild type. (E) Apical view of
an eye disc. 22C10 marks the apical profiles of the photorecep-
tors (see inset) and the Bolwig nerve. (F) A more basal view of the
same disc showing the photoreceptor axons extending posteri-
orly towards the optic stalk. (G) Higher magnification view of
the section seen in (F) showing axon bundles migrating through
the optic stalk (see inset for still higher power view). (H, I) Two
copies of DNImpb. (H) DNImpb expression disrupts axon guid-
ance within the eye disc. Photoreceptor axons, which normally
lie basally in wild type, are located in an apical position.
Cell-fate specification and ommatidial cluster spacing are
largely unaffected (see inset). (I) A more basal section showing
stalled and misrouted axon bundles that fail to enter the optic
stalk (see inset). (J) DNImpb/Ketel showing that the phenotype
is enhanced by removing one copy of the Ketel gene (in com-
parison to one copy of DNImpb). Anterior is to the right in allof the optic stalk are devoid of any neurons (Figs. 4A and
ll rights reserved.
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discs in the first few rows of photoreceptors behind the
furrow (Fig. 4C), despite the GMR-Gal4-activating Impb
FIG. 4. Expression of DNImpb causes photoreceptors to descend
from the epithelium into the optic stalk. Eye discs stained with the
neuronal nuclear marker Elav (green) and counter stained with phal-
loidin to visualise F-actin (red). (A, B) DNImpb/1 (one copy). (A)
Apical view of a developing disc showing most of the photoreceptor
nuclei in a single plane, while the optic stalk (arrow) is free of Elav
positive nuclei. (B) A higher magnification view of (A) showing the
posterior section of the eye disc and the optic stalk. (C–E) DNImpb
(two copies). (C) Expression of DNImpb leads to photoreceptors
descending from the epithelium into the optic stalk. (D) A much
higher magnification view of part of (C) showing many ommatidia
with fewer than normal photoreceptors (arrow heads). (E) A slightly more
basal section of the same disc shown in (C) showing Elav-positive cells
lying at the entrance and within the optic stalk. (F) DNImpb/Ketel disc
with a very similar phenotype to DNImpb (two copies), showing that the
phenotype is enhanced by removing one copy of the Ketel gene. Anterior
is to the right in all panels. Short arrows mark the optic stalk. Long
arrow in (E) marks the descending photoreceptors. Arrowheads mark
the advancing furrow in (A), (C), and (F).
© 2001 Elsevier Science. Aexpression within these cells, as judged by b-galactosidase
expression in GMR-Gal4, UAS-lacZ (data not shown). How-
FIG. 5. Expression of DNImpb disrupts Armadillo (Arm) localiza-
tion at adherens junctions but has no effect on early events in eye
patterning. Developing eye discs stained with either phalloidin to
visualize F-actin (A, B, E, and F), anti Atonal (Ato) antibody (C, G) or
anti Glass (Gl) antibody (D, H). (A–D) DNImpb/1 (one copy) control.
(E–H) DNImpb (two copies). (A, B) Actin at the apical profiles of all
cells within the eye disc, highlighting the ommatidial precursors
exiting the furrow. (C) Ato is expressed in a broad band ahead of the
furrow, within it and in R8 posterior to it. (D) Gl is expressed in every
cell within and posterior to the furrow. (E, F) Expression of DNImpb
does not affect the initial development of the ommatidial preclusters.
(G) Ato expression is largely normal in DNImpb discs, showing that
the R8 photoreceptor is specified correctly. (H) Gl expression within
the furrow is also normal, but older ommatidia are missing varying
numbers of photoreceptors (also see Fig. 4). (I–P) Developing eye discs
stained with anti-Arm. (I–L) DNImpb/1 (one copy) control. (M–P)
DNImpb (two copies). (I) Arm localization in adherens junctions of
every cell within the eye disc. The highest levels of expression are in
the furrow and in ommatidial clusters that lie posterior of the furrow.
(J) Higher magnification view of the section in (I). (K) Still higher
magnification view, focusing on the furrow and the first few omma-
tidial clusters. (L) More posteriorly positioned clusters. (M) Arm in
DNImpb. (N) Higher magnification view of (M). (O) Still higher
magnification view of the morphogenetic furrow. Arm staining is
normal within the furrow and the first few columns of ommatidia. (P)
Reduced or absent Arm staining in clusters lying further posterior.ever, in later columns of ommatidia, there are fewer than
ll rights reserved.
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321Nuclear Transport in Eye Imaginal Discsnormal photoreceptor cells (Figs. 4C and 4D). These cells
are not eliminated by cell death but descend from the
epithelium into the optic stalk (Fig. 4E), which is normally
free of neurons (Figs. 4A and 4B). The loss of photoreceptors
from the epithelium explains the reduced or missing eye
phenotype seen in adult flies, as their loss probably contin-
ues throughout later eye imaginal disc development and
support cells (pigment and cone cells) cannot develop in the
absence of photoreceptors.
DNImpb Expression Disrupts Ketel (Impb)
Function but Does Not Interfere with
Photoreceptor Specification
To test whether the axon guidance phenotype and loss of
photoreceptors and their descent to the optic stalk are due
to a disruption of Impb function in the eye, we removed one
copy of Ketel, the Drosophila homologue of Impb (Erdelyi
et al., 1997), using recessive alleles. We found that three
different Ketel deficiencies and three different recessive
point mutations strongly enhance the DNImpb external
eye phenotype (Fig. 3C and data not shown). 22C10 staining
of discs containing only one copy of DNImpb and lacking
FIG. 6. Expression of DNImpb in photoreceptors affects glial migr
(F-actin). (B, E, and H) The same eye discs costained with anti-Re
images showing Repo protein in green and F-actin in red. (A–C) D
sections of the epithelium like in wild type. (D–F) GMR12-Gal4, UA
cells that have failed to migrate into the retina (arrowhead) and are l
copies), showing a stronger phenotype. The majority of the Repo-eone copy of Ketel reveals a similar axon guidance phenotype
© 2001 Elsevier Science. Ato those expressing two copies of DNImpb. In contrast,
discs expressing one copy of DNImpb and two copies of
Ketel1 show a wild-type phenotype (Fig. 3J and data not
shown). Similarly, Elav staining shows that Ketel muta-
tions also enhance the descent of photoreceptors into the
optic stalk (Fig. 4F). We conclude that the phenotypes
caused by DNImpb expression in the eye are due to a
reduction in Ketel function.
To test whether the axon guidance defects we observe are
simply due to the photoreceptors being wrongly specified,
we first imaged the cells in DNImpb discs by visualizing F
actin. Cells in DNImpb discs were very similar to those
previously described in wild type (Wolff and Ready, 1991)
(Figs. 5A, 5B, 5E, and 5F). While cells at the anterior edge of
the furrow begin to contract their apical profiles and have
basally migrating nuclei (Figs. 5A, 5B, 5E, and 5F), those
within the furrow are grouped in rosettes of 15–20 founding
cells of the ommatidia (Figs. 5B and 5F). As the furrow
progresses, all but five of the cells in the rosette leave the
developing ommatidial cluster (Figs. 5B and 5F). As devel-
opment proceeds R1, R6, R7, and accessory cells join the
cluster (Wolff and Ready, 1991).
To further test whether the axon guidance phenotype
from the optic stalk to the retina. (A, D, and G) Phalloidin staining
tibody, showing Repo-expressing glial cells. (C, F, and I) Merged
pb/1 (one copy) control, showing that the glial cells occupy basal
Impb (two copies), weaker phenotype showing a subset of the glial
d in a more basal position. (G–I) GMR15-Gal4, UAS-DNImpb (two
ssing glial cells fail to enter the retina. Arrows mark the furrow.ation
po an
NIm
S-DN
ocatecould be explained by the photoreceptors having a subtle
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number of proteins that are essential for proper photorecep-
tor differentiation. We found that the photoreceptors were
initially specified correctly, and maintained appropriate
identities despite stochastic loss of photoreceptor cells from
the ommatidia (Figs. 5C, 5D, 5G, and 5H). In wild-type
discs, the first cell in the precluster is R8 (Tomlinson and
Ready, 1987), which is specified by Atonal (Ato), a basic
helix–loop–helix proneural transcription factor (Jarman et
al., 1995). Ato is first expressed in a narrow row of cells just
anterior to the furrow and is then refined to columns of
single R8 photoreceptors (Dokucu et al., 1996) (Fig. 5C). We
found that Ato expression is completely normal in DNImpb
discs (Fig. 5G). Bride of sevenless (Boss) expression begins by
the second column and can be visualized in all R8 cells.
Boss is a transmembrane protein that serves as a signal from
the R8 cell that assigns the R7 cell fate (Van Vactor et al.,
1991). Boss expression is initially normal in DNImpb discs
(data not shown), but is lost in some older ommatidia in a
stochastic manner (data not shown) due to photoreceptors
descending into the base of the disc.
To test whether the specification of other photoreceptors
are disrupted by DNImpb expression, we used the expres-
sion of the zinc finger transcription factor Glass (Gl) as an
indicator for photoreceptor development (Moses and Rubin,
1991) (Fig. 5D). In DNImpb discs, Gl expression, like Elav,
is initially normal, but its pattern is disrupted when pho-
toreceptors drop out of ommatidia (Fig. 5H). Thus, the
missing photoreceptors that have dropped out of the epithe-
lium express Gl and Elav at normal levels, indicating that
their detachment from the ommatidia is not caused by a
defect in specification or maintenance of correct neuronal
identity.
GMR-Gal4 is first expressed after R8, R2, and R5 are
already specified, but before R1, R3, R4, R6, and R7 are
specified. To test whether R8, R2, and R5 specification is
also refractory to DNImpb expression, we expressed
DNImpb under ey-Gal4 and Sca-Gal4 and found no devel-
opment defects (data not shown). ey-Gal4 is expressed
within and ahead of the morphogenetic furrow and at
equivalent levels but much earlier than GMR-Gal4. Sca-
Gal4 is expressed only in R8 in the first three rows of
ommatidial precursors. Taken together, our results suggest
that neuronal specificity is not as sensitive as axon guid-
ance and cell adhesion to a disruption in nuclear transport.
The Loss of Photoreceptors from Ommatidia Is
Due to a Defect in Cell Adhesion
To determine whether photoreceptors detach from their
epithelial layer in DNImpb discs because of a defect in cell
adhesion, we used Armadillo (Arm) expression as a marker
for the integrity of zonula adherens junctions (adherens
junctions, Figs. 5I–5L). Arm encodes a b-catenin that is
localized to adherens junctions which maintain adhesion
between cells in neuroepithelial sheets (Cox et al., 1996),
but also functions separately in transducing the wingless
© 2001 Elsevier Science. Asignal into the nucleus (Sanson et al., 1996). In the devel-
oping eye disc, Arm localizes to the adherens junctions of
all cells, but is found at higher levels in the junctions of
cells that are undergoing cell–cell communication during R
cell specification (Figs. 5I–5L). Cells anterior to the furrow
have low levels of Arm, while cells within the furrow stain
very heavily. During ommatidial assembly, the staining
pattern of Arm is very dynamic and recapitulates the
pattern of photoreceptor recruitment (Figs. 5I–5L). We
found that, in DNImpb discs, Arm expression and therefore
adherens junctions were disrupted (Figs. 5M–5P), indicating
a defect in cell adhesion. In DNImpb discs, Arm staining is
unaltered within the furrow and during ommatidial assem-
bly (Figs. 5M and 5O). However, in more posterior regions,
Arm staining is reduced or even absent (Figs. 5N and 5O).
We tested whether the reduction in Arm staining was
simply due to the loss of some photoreceptors expressing
Arm by double staining with Arm and phalloidin. The
results show that Arm staining was reduced or absent even
when photoreceptors were present (data not shown) show-
ing that there is a general reduction in the integrity of
adherens junctions.
The reduced Arm expression we observed could indicate
that the eye phenotype is caused by a disruption of Arm
function. Alternatively, the change in Arm expression
could be a simple consequence of the defect in cell adhe-
sion. We were able to distinguish between these possibili-
ties. If the DNImpb phenotype is caused by a disruption in
Arm function, then the eye phenotype should be enhanced
by loss-of-function mutations in arm and suppressed by
overexpression of wild-type Arm. However, we found that
neither a null allele nor a hypomorphic allele of arm
modified the DNImpb phenotype (data not shown). Further-
more, overexpression of Arm did not rescue the phenotype,
but strongly enhanced it (data not shown). Indeed, GMR-
GAL4, UAS-Arm has a similar phenotype to DNImpb (data
not shown), presumably because Arm cycles in and out of
the nucleus (Wiechens and Fagotto, 2001) so can saturate
the import machinery if present in large excess. We con-
clude that photoreceptors are lost in DNImpb discs because
of a disruption in adhesion between the photoreceptors, but
this is not caused by a loss of arm function.
The Failure of Photoreceptor Axons to Enter the
Optic Stalk Causes a Defect in the Migration
of Glia from the Brain to the Basal Part
of the Eye Disc
Glial cells are often misplaced in mutations that cause
axon guidance defects in the visual system (Choi and
Benzer, 1994; Martin et al., 1995; Rangarajan et al., 1999).
To test whether DNImpb expression affects glial migration,
we examined the expression of the glial marker reverse
polarity (repo). During normal development, a set of Repo-
expressing glia originate in the optic lobes and migrate
through the optic stalk and into the basal regions of the eye
disc (Choi and Benzer, 1994) (Figs. 6A–6C), where they act
ll rights reserved.
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brain (Campbell et al., 1994). Our results show that
DNImpb expression causes defects in glial migration and
that the severity of the glial migration and axon guidance
defects are correlated (Figs. 6D–6I). In weakly expressing
lines (GMR-GAL4 12), few glia are absent in the eye disc
(Figs. 6D–6F). However, in strongly expressing lines (GMR-
GAL4 15), nearly all the glia are missing from the eye disc
(Figs. 6G–6I). This stochastic loss of glial cells together
with the fact that GMR is not expressed in the glia, strongly
suggests that the misrouting of axons is disrupting the
migration of glia from the optic stalk into the eye retina.
DISCUSSION
We have shown that a dominant negative truncation of
human Impb (DNImpb) disrupts nuclear protein import and
mRNA export when injected or expressed in blastoderm
embryos. In the eye disc, DNImpb expression behind the
morphogenetic furrow leads to a dramatic dosage-sensitive
reduction or elimination of the adult eye. This phenotype is
due to an adhesion defect causing photoreceptors to de-
scend below the ommatidia and into the optic stalk, despite
the photoreceptors being specified correctly and their axons
initially projecting normally toward the posterior. How-
ever, the axons are unable to correctly navigate into the
optic stalk that leads to the brain, resulting in a network of
extensively projecting misrouted axons.
What Is the Primary Cause of the Cell Adhesion
and Axon Guidance Defects?
Our results are consistent with the fact that, in permea-
bilised human cells and in Xenopus, a similar truncation of
Impb inhibits most nuclear trafficking except tRNA export
(Gorlich et al., 1996) and localizes to the inner surface of the
nuclear envelope (Kutay et al., 1997). DNImpb probably
acts by binding Nup153 (Shah and Forbes, 1998), a key
shuttling nucleoporin required for most nucleocytoplasmic
trafficking including mRNA export and all known protein
import and export, but not for tRNA export (Ullman et al.,
1999). We have shown that DNImpb causes a similar
nuclear transport block in Drosophila embryos and that
fluorescently labeled DNImpb accumulates at the nuclear
envelope around the site of injection (Fig. 2D). The nuclear
trafficking inhibition caused by DNImpb injection in Dro-
sophila embryos is probably complete. However, DNImpb
expression in the eye disc causes a partial inhibition of
nuclear transport, revealing processes that have particularly
high requirements for nuclear transport machinery.
It is difficult to be certain whether mRNA export, nuclear
protein import, or protein export are the primary cause of
the eye phenotypes we observe. We favor the interpretation
that DNImpb causes a disruption of nuclear protein import
because our results show that recessive alleles of Ketel
enhance all aspects of the eye phenotype (Figs. 3C and 3D).
© 2001 Elsevier Science. AThe human ortholog of Ketel, Impb, is known to play a role
in protein import but not in RNA and protein export
(Mattaj and Englmeier, 1998). However, it is also possible
that DNImpb inhibits the Ketel-dependent nuclear import
of factors required for mRNA export. To address these
issues will require the identification of the factors disrupted
by DNImpb expression in the eye.
Is Nuclear Transport Required for Cell Adhesion
and Axon Guidance?
Cell adhesion in the eye, as in other epithelial sheets,
involves components of adherens junctions, extracellular
matrix, transmembrane proteins, and actin, all of which are
thought to act at the periphery of the cell. Surprisingly, our
results suggest that cell adhesion is more sensitive to
perturbations in nuclear trafficking than are other processes
such as nuclear import of some transcription factors. The
disruption of adhesion we observe may either be due to a
direct role for nuclear trafficking in the supply of adhesion
components, or a role in the signals that regulate cell
adhesion.
Our results also suggest that communication between
the cytoplasm and nucleus have a role in axon guidance
decisions, a process which is still poorly understood (Al-
bright et al., 2000). Key molecules that have been found to
play direct roles in axon guidance include ligands and
receptors that attract or repel the growth cone (Guthrie,
1997, 1999; Tessier-Lavigne and Goodman, 1996; Van Vac-
tor, 1999). Guidance decisions are made when the growth
cone assesses the relative balance of attractive and repul-
sive forces and selects appropriate routes based on multiple
cues (Newsome et al., 2000a; Winberg et al., 1998). How-
ever, nuclear proteins with specific roles in axon guidance
have also been identified (Kuang et al., 2000; Newsome et
al., 2000b; van Meyel et al., 2000). Furthermore, guidance
cues are likely to induce changes in gene expression requir-
ing the import of signals into the nucleus. For example, in
the case of the axon guidance receptor roundabout (robo),
its expression is dramatically increased when axons cross
the midline of the CNS, thus preventing further crossing of
the midline (Kidd et al., 1998). Identifying why axon guid-
ance in the eye is particularly sensitive to perturbations in
nuclear transport will require the identification of the axon
guidance factor whose trafficking is disrupted by DNImpb
in the eye.
Recently a novel method of screening for axon guidance
mutants has been developed using eyeless-FLP as a very
efficient method of generating mosaic patches of mutations
in lethal genes in the eye (Newsome et al., 2000b). Our
DNImpb rough eye phenotype could provide a complemen-
tary genetic screen for isolation of mutants that affect
axonal guidance in the retina via an F1 enhancer/suppressor
screen. We suggest that such a screen could lead to the
identification of new genes involved in axon guidance, cell
adhesion, or nuclear transport.
ll rights reserved.
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